
VOLUME 44, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1980

3—
tOI—o —Jg

Li
—

J2—
I—

LLI

Lij
(3

1

LU

I I I I I

'g
g~~ggjQ

~ ~~Y

9

involving long- or short-range order), nor the
electronic disturbances produced by the projec-
tile in its incoming path.
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Note added. —After this manuscript was com-
pleted the authors were made aware of similar
work by O. H. Crawford; see Phys. Rev. Lett.
44, 185 (1980)~

180-8 (degrees)
FlG. 3. Enhancement factor I"(6) as a function of

observation angle for 1-MeV He backscattering from
Pt at a depth z = 75 A. Open circ1es, theory; ful1
circles, data (Ref. 1) taken with - 100—200 A depth
resolution and representing maximum enhancement
factors.

observations of enhanced yields in backscattering
at 180' without need to consider neither particu-
lar distributions of atoms in the medium (those
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Measurements of electrical resistivity as a function of temperature reveal that de-
viations from Matthiessen's rule (DMR) in aluminum can, under suitable conditions,
be made to vanish in a strong magnetic field. Theories explaining DMR on the basis
of anisotropic and inelastic scattering predict such behavior suggesting that such scat-
tering is the source of DMR in dilute aluminum alloys at low temperatures.

In this Letter we present evidence for the ex-
istence in aluminum of a magnetic field and tern-
perature range in which the electrical resistivity
obeys Matthiessen's rule. We believe that is the
only known domain in which this holds' and that
its existence sheds light on the source of devia-
tions from Matthiessen's rule (DMR) in metals.

The number of theories proposed over the years
to explain DMR is huge. Bass,' in his review
article, lists fourteen different categories of the-
ories. At present, none of these theories is com-
pletely satisfactory for all temperatues and im-
purity concentrations. If we ignore those theo-

ries which invoke changes in the Fermi surface
or other such gross effects (they cannot explain
the DMR observed in very dilute alloys) the list
of proposed low-temperature theories includes
those which consider many-body effects, ' low-
temperature phonon drag, ' interference between
phonon and impurity scattering, inelastic impur-
ity scattering, ' and small changes in the phonon
spectrum (see Ref. 2 for a complete list of refer-
ences). However, the most successful of the re-
cent theories are those which take into account
the anisotropy and energy dependence of the elec-
tron-phonon interaction. ' These theories are the
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only ones which have been reasonably successful
at predicting DMR over a. wide temperature range
and most theoretical work in this field now takes
this approach. There has been, however, con-
siderable doubt whether such effects are actually
the principal cause of DMR, particularly in the
light of the nonsaturation of the DMR in the ex-
treme dirty limit. ' The measurement of the elec-
trical magnetoresistivity in a. high magnetic field
is a method for clarifying this issue.

The theories of DMR based on the nature of the
scattering mechanisms make specific predictions
concerning the behavior of the magnetoresistivity.
Foremost is the prediction that under special con-
ditions the total magnetoresistivity will be the
sum of the separate magnetoresistivities for each
scattering mechanism. This is equivalent to a
vanishing of the DMR. The conditions are the fol-
lowing . First, the electric and magnetic fields
must be crossed. Second, the electron orbits
must be closed and must each possess at least
twofold symmetry about the magnetic field direc-
tion. Third, the magnetic field must be sufficient-
ly strong that electrons on each orbit make at
least several revolutions before being scattered
(high-field limit). Last, the metal should be un-
compensated.

The vanishing of DMR arises from the effect of
the magnetic field on the electron distribution
function. In the absence of a magnetic fieM, iso-
tropic elastic impurity scattering and anisotropic
inelastic phonon scattering compete to produce a
compromise distortion of the electron distribu-
tion function. This causes the total resistivity to
be greater than the sum of the separate resis-
tivities expected for each scattering mechanism;
the result is DMR. As a magnetic field is ap-
plied, the field and the scattering mechanisms
compete in their effect on the electron distribu-
tion function, and at high fields under conditions
of sufficient symmetry the nature of the scatter-
ing mechanisms ceases to play any role at all.
In this ease the distortion of the distribution func-
tion is determined solely by the geometry of the
electron orbits. Because of this, the total con-
ductivity is strictly the sum of the individual con-
ductivities for each scattering mechanism. In un-
compensated metals, such as aluminum, the
strict additivity of individual magnetoresistivities
follows directly' and amounts to a vanishing of
DMR.

To test this prediction we measured the resis-
tance and magnetoresistance of aluminum-silver
alloys. Aluminum was chosen because (1) it has

a. high Debye temperature, which allowed us to
take data over a wide temperature range while
still remaining in the high-field limit; (2) it is
cubic, which allowed us to choose from among a
number of symmetry axes; (3) its Fermi surface
is generally believed to be closed; and (4) it is
readily available in high purities, is easily al-
loyed, and single crystals are simple to grow.
its disadvantages are a possible open orbit" (for
H)~ [100]), the often-observed magnetic breakdown
and linear magnetoresistivity, and the fact that
the third-zone electron surface does not have the

requisite symmetry. This latter point is not cru-
cial since it may be shown that at high fields the
third zone contributes less than 2% to the total
resistivity. "

Silver was chosen as the impurity for a number
of reasons: It has a low natural occurrence and

high solubility in aluminum, it has an atomic vol-
ume near that of aluminum; it causes an increase
in p, per atomic percent that is sizable"; and di-
lute aluminum-silver alloys exhibit large DMR's
in zero field."

The alloy crystals were manufactured from
zone-refined aluminum having a residual resis-
tance ratio (RRR) of 15000. A 0.2% master alloy
was made using zone-leveling methods. The spec-
imens were then produced by successive dilutions
of the master alloy with pure material, followed
by zone leveling and crystal growing. From the
large single-crystal, specimens were cut with an
acid saw and a chemical crystal-facing machine.
Chemical slicing and facing techniques were em-
ployed rather than spark abrasive cutting since
we wished to fabricate specimens with minimum
internal damage. There is considerable evidence
that the linear term in the electrical magnetore-
sistivity of aluminum is substantially enhanced by
such damage; since this term is not well under-
stood we wished to minimize it in our specimens. "
The silver content of the alloys spanned a range
up to 165 ppm, corresponding to an RRR of 150.

Orientation of the crystals was accomplished
via the usual back-reflection I aue x-ray tech-
niques. The crystals were oriented with H paral-
lel to the [110]direction to within a few tenths of
a degree. This direction was chosen to avoid the
possible open orbit in the [100]direction, "and
because a survey of the literature revealed that
the linear magnetoresistance appeared to be min-
imal when H is parallel to [110]and no oscilla-
tory magnetoresistance is present. ' (A disad-
vantage of minor consequence is that a small
number of the second-zone orbits do not have the
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FIG. 1. Temperature derivative of the resistivity
of aluminum alloys vs temperature in zero magnetic
field.

FIG. 2. Temperature derivative of the resistivity of
aluminum alloys vs temperature in an 8.3 T field.

requisite symmetry. )
The specimens were mounted in a jig designed

to minimize thermal stress as the system was
cooled. The electric current was injected through
brass electrodes soldered to the ends of the crys-
tal with a "high" resistivity solder. This high-
impedance current injection and extraction is ab-
solutely necessary to avoid probe effects. " The
voltage was measured with a Keithley nanovolt-
meter; the specimen temperature was monitored
with a calibrated germanium thermometer and a
magnetic-f ield-insensitive capacitance thermom-
eter, the latter being used as a transfer standard.

Before turning to the data, we observe that
there are two ways to write Matthiessen's rule'.
(1) As stated by Matthiessen and Vogt, "

dp ano~(ci~ T) dpi' U~~(O~ T)
dT dT

or, (2) as is usually done, p,~, (c;,T) =p „„(T)
+p, (c,), where p, (c;) is the residual resistivity.
For our purposes, Eq. (1) is more useful. In
general, it is not possible to obtain a sufficiently
pure specimen to determine accurately pp„„(T),
and, for aluminum in particular, pz„„(T) and

p,~ (T) can have very different temperature de-
pendences because of various breakdown effects. "
By use of Eq. (1) we essentially avoid having to
measure a pure specimen; that is, we assume
Matthiessen's rule is obeyed if

dp gy(c, T) dp g (c,T)
dT dT

Accordingly, we present our results in this man-
ner in Figs. 1 and 2.

Figure 1 shows the temperature derivative of
the resistivity in zero magnetic field for four al-
loys ranging from 10 to 56 ppm. Figure 2 dis-
plays similar results for an 8.3 T field. Data for
the more dilute alloys (less than 6 ppm) are not
shown due to the prominence of magnetic break-
down, which alters the temperature dependence
of the resistivity. " For the less dilute alloys
(greater than VO ppm), the high-field regime
could not be unambiguously attained at the high-
est fields available. Consequently, data for
these alloys are also not shown. We have used
the usual least-squares-fitting procedures to ob-
tain these curves and a conservative estimate of
the error in the derivatives is that it is less than
S%%u&!. We have shown such an error in Fig. 1 (for
T = 19 K) for reference. In Fig. 1 we see the ex-
pected large DMR; the curves rapidly diverge as
the temperature increases. This indicates that
the temperature-dependent portion of the alloy
resistivity is strongly dependent on purity. The
observed deviations scale approximately as the
residual resistivity ratio as expected. ' However,
as may be observed in Fig. 2, in a strong mag-
netic field most of the deviations have disap-
peared, to within the error inherent in the ex-
periment. We attribute the remaining small dif-
ferences in the curves to measurement and align-
ment errors. We notice that the curves in Fig.
2 do not vary with concentration in any systemat-
ic manner; in fact, the 47 pprn curve is now high-
est.

V'e have observed, therefore, a regime in
which Matthiessen's rule is obeyed. We have
argued that the theories that invoke anisotropic
and inelastic electron-phonon scattering to ac-
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count for DMR in zero magnetic field also ex-
plain the absence of DMR in a strong magnetic
field, under the conditions established in these
experiments. This provides strong evidence that
the anisotropy and energy dependence of electron-
phonon scattering is the principal cause of DMR
in aluminum, at least at low impurity concentra-
tions.
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parently obeyed, e.g., alloys at high temperatures, it
is only approximately obeyed and then only over a
small temperature range.
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The success of Miedema's empirical theory of transition-metal compound formation
has given credence to the physical picture used in its construction. Self-consistently
calculated electron densities, state densities, and heats of formation reveal this pic-
ture to be inappropriate. Miedema's success is shown to result from the implicit in-
corporation of a dominant chemical trend, which is well described by Pettifor's d-bond
model.

The success of an empirical theory due to
Miedema and co-workers' has generated interest
in the microscopic mechanisms responsible for
intermetallic compound formation. The theory
asserts that a large body of experimental data re-

fleets the interplay of just takeo constituent proper-
ties, a rather il.l-defined "electronegativity",
cp(z), and the electron density, p(s), at the bound-

ary separating atomic cells in the constituent (s
is the atomic number). The heat of compound
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